Abstract-A nonlinear controller for single-phase gridtied inverters, that can operate under both a normal and a faulty grid with guaranteed closed-loop stability, is proposed. The proposed controller acts independently from the system parameters, does not require a phase-locked loop, and can achieve the desired real power regulation and unity power factor operation. Based on nonlinear input-to-state stability theory, it is analytically proven that the inverter current always remains below a given value, even during transients, independently from grid variations or faults (short circuit or voltage sag). The desired performance and stability of the closed-loop system are rigorously proven since the controller has a structure that does not require any switches, additional limiters, or monitoring devices for its implementation. Therefore, nonlinear stability of a grid-tied inverter with a given current-limiting property is proven for both normal and faulty grid conditions. The effectiveness of the proposed approach is experimentally verified under different operating conditions of the grid.
I. INTRODUCTION
The number of distributed generation (DG) units connected to the power network has been continuously increasing during the last decades [1] . Although this fact has provided substantial economical benefits for both utility companies and customers, it has also led to more stringent demands regarding the interconnection of DGs with the grid because they directly affect the stability of the power network [2] . Therefore, the operation and control of grid-tied inverters, that link the DG units with the utility grid, are crucial and should be maintained inside some given limits under both normal and abnormal conditions of the grid.
Various control methods have been proposed in the literature for grid-tied inverters to control the output current or the power injected to the grid, while maintaining a desired output voltage [3] - [6] . Although in most of the cases, a phase-locked loop (PLL) is applied to synchronize the inverter with the grid, this can result in oscillations or a dc offset at the measured frequency that degrades the inverter performance [7] . Hence, recently, several control strategies that possess a self-synchronization mechanism have been developed to result in a PLL-less control operation, which increases system reliability and assist in maintaining a stable performance [8] - [12] . Since stability of grid-tied inverters is of major importance, usually small-signal model analysis is applied to achieve a stable closed-loop system around a desired operating point [13] - [15] . In order to obtain global stability results, several Lyapunov-based controllers have been developed for both the grid-connected and islanded operation of inverters [3] , [16] - [18] . These methods represent a powerful tool for controlling the inverter and stabilizing the closed-loop system during normal operating conditions, but may require a redesign in the cases of grid faults, in order to maintain the inverter current below a given value, especially when the control task is the output power regulation and when the system parameters vary.
The operation of grid-tied inverters under grid-fault conditions (short circuit or voltage sag) has been extensively studied in the literature [19] - [22] . During the fault, the grid voltage drops and the inverter often tries to regulate the power injected to the grid, which leads to high inverter currents. Hence, fault currentlimiting controllers are essential for protection purposes. This can be achieved by either triggering suitably designed protection circuits [21] , [23] , [24] or by using several low-voltage ride-through controllers [25] , [26] , which will keep injecting power to the grid with a limited current. From a control systems point of view, most of the current protection methods are based on a switching control action between the power regulation during normal grid operation and the current-limiting scheme after the fault has occurred [19] , [27] - [31] . Virtual impedance methods have also been proposed in order to guarantee a given limit of the inverter current [32] , [33] and can be also found in several microgrid systems [34] , [35] . However, most of the existing methods for improving the fault-ride-through capability of inverters are based on algorithmic control schemes and lack from a stability proof in order to mathematically prove that the current will always remain below a given maximum value, even during transients.
Although small-signal modeling and linearization are often used to guarantee closed-loop stability around a given operating point, the nonlinear expressions of the real and the reactive power used inside the controller introduce a need for more rigorous nonlinear stability analysis, especially when the operating point significantly changes, as in the case of a grid fault. Introducing a current saturation unit in the control structure can be devastating for the inverter and lead to undesired oscillations, mainly caused by integration wind-up [32] . Additionally, the inverter should be able to return to its initial condition after the fault is cleared and avoid latch-up issues [36] . The unpredicted grid variations and the nonlinear dynamics of the closed-loop system, caused by the nonlinear expressions of the real and reactive power, make the proof of stability a difficult task. By adding to this issue the dynamic performance of the PLL required for the synchronization, which plays an important role especially under grid faults [37] , the complexity of the closedloop system is significantly increased. This is the main reason for implementing control structures that can operate under grid fault conditions without a PLL, as it has been recently reported in [12] and [38] .
In this paper, a nonlinear controller for single-phase grid-tied inverters is proposed in order to guarantee a current-limiting property under both normal grid operation and grid faults. The proposed controller is independent from the system parameters, does not require a PLL, and has the same structure under both normal and faulty grid conditions. Therefore, it is proven that real power regulation and unity power factor operation can be achieved without additional saturation units, switches, or monitoring devices. The proposed control structure allows a rigorous stability proof of the closed-loop system based on nonlinear input-to-state-stability (ISS) theory with a given limit of the inverter current at all times independently from grid variations. The proof of stability is also established independently from the frequency of the grid, while the current-limiting property of the proposed controller guarantees a given limit at the injected power, which is crucial in cases of large transients or grid faults. An analytic framework of selecting the controller parameters and overcoming practical implementation issues (e.g., implementation using a DSP or under distorted grid) is also provided together with the effect of the output filter to the closed-loop system. Extensive experimental results are presented to demonstrate the effectiveness of the proposed controller using a grid simulator for performing the grid-fault scenarios and using the public grid, including the start-up case or when the system parameters change. Fig. 1 describes the system under consideration. It consists of a single-phase inverter connected to the grid through a filter with inductance L and parasitic resistance r. The filter can be other types as well, but in order to simplify the exposition in the following, it is assumed that it is an L filter. The grid voltage is denoted as v g , while the inverter output voltage and current are v and i, respectively. The inverter is assumed to be controlled using a pulse-width-modulated (PWM) generator with high frequency, and therefore, the voltage v can be assumed the same as the average voltage over a switching period [1] .
II. PROBLEM FORMULATION
As a result, the dynamic model of the system is given as
which is linear and the control input is described by the inverter voltage v. However, in most grid-tied inverter applications, the main tasks are to achieve real and reactive power regulation. Particularly, the real power P should be regulated to a reference value P set and the reactive power Q should remain equal to zero to achieve unity power factor operation. The reference value P set can be defined by a supervisory control scheme or other control functions that can be found in renewable energy systems, such as maximum power point tracking, dc bus voltage regulation, etc.
In this paper, the real power P and reactive power Q are considered at the grid side, i.e., after the filter. However, in many applications, they are calculated at the output of the inverter using the inverter voltage v instead of the grid voltage v g . Since in most of the cases the inductor does not cause a significant phase shifting or voltage drop between the voltages v and v g [1] , [4] , the difference is insignificant. Due to the multiplication of the signals v or v g with the state i of the system in the power expressions, the closed-loop system with any control scheme will be nonlinear, and therefore, the proof of closed-loop system stability represents a difficult task. The objective of this paper is to design a controller that is able to limit the inverter current under both normal and faulty conditions and prove the closedloop stability.
III. PROPOSED CONTROLLER

A. Control Structure
In order to achieve the desired real power regulation at the reference value P set and at the same time unity power factor operation, the following nonlinear controller is proposed:
where the variables w and w q are the controller states given from the nonlinear dynamicṡ with w m , Δw m , k, and c being positive constants. It can be easily seen that the proposed controller is independent from the inverter and filter parameters and does not require a PLL for its implementation, which improves system robustness and reliability.
In order to understand the controller dynamics, consider the controller Lyapunov function
Taking the time derivative of W and substituting the controller dynamics (3), (4), it yieldṡ
The value ofẆ is zero on the ellipse 
which is the angular velocity that the controller states w and w q move on the ellipse W 0 . Hence, when the real power P approaches the reference value P set , the angular velocity tends to zero and the controller states stop and converge to two constant values w e and w qe . Then, from (2), the inverter voltage becomes
For a typical L filter that does not impose significant phase difference between v and v g , it is obvious from (9) that both v and v g are practically in phase with the current i, and therefore, both control tasks (real power regulation and unity power factor) can be achieved. A more detailed analysis regarding the effect of the filter is provided in Section V. From the controller structure (2), one can easily see that since the controller state w is multiplied by the current i to obtain a voltage, w represents a time-varying virtual resistance. This is significantly different from existing virtual impedance methods, e.g., [32] , [35] , since the controller dynamics are embedded into the virtual resistance w. For stability reasons, it is required that w > 0, ∀t ≥ 0. In order to achieve this, the controller parameters should be chosen to satisfy w m > Δw m > 0 so that the ellipse W 0 stays on the right-half plane.
It should be also noted that the angular velocityφ, given from (8), can be zero on the horizontal axis as well, i.e. when w q = 0. This is desirable in order to avoid a possible oscillating behavior of the controller dynamics around W 0 on the w − w q plane. Particularly, if the controller states pass the desired equilibrium point during transients and tend to reach the horizontal axis, then w q → 0, and as a result,φ → 0 independently from the difference P − P set . Thus, the controller states slow down until the angular velocity changes sign and forces them to return to the desired equilibrium. Consequently, w and w q cannot travel around the whole ellipse W 0 and, based on the given initial conditions (7), they are restricted on the upper semiellipse of W 0 as shown in Fig. 2 . Hence, w q ∈ [0, 1].
By defining the initial conditions of the controller states from (7), a smooth connection to the grid can be achieved. Since initially w q 0 = 1 holds true, then according to (2) , the initial inverter voltage is v = v g until the real-power reference P set is changed to a nonzero value. Therefore, a smooth connection of the inverter can be achieved without the need of a PLL. There is no need to have a presynchronization period and one can simply directly connect the inverter to the grid and enable the controller.
B. Stability Analysis and Current-Limiting Property
By substituting the proposed controller (2)-(4) to the system dynamics (1), the closed-loop system becomes
As has been shown in the previous subsection, the controller dynamics can be handled independently and result in w ∈ [w min , w max ] = [w m − Δw m , w m + Δw m ] and w q ∈ [0, 1] for all t ≥ 0. The equivalent circuit of the closed-loop system can then be simplified as shown in Fig. 3 , where the dashed line is used to indicate that the grid voltage v g can be canceled by the same term in the controller and result in the simplified system given by (10) . Therefore, the closed-loop system (10) can be investigated as a nonautonomous system with time-varying signals w(t) and w q (t) bounded inside their given sets. Consider now the Lya- punov function
The time derivative of V results iṅ
because w > w min > 0 and w q ∈ [0, 1]. As a result, the system (10) is ISS [39] and the inverter current i is bounded for any bounded grid voltage v g . Considering as v g = √ 2V g sin(ωt), where V g and ω are the RMS grid voltage and angular frequency, respectively, then
as long as the current is initially (t = 0) inside the previous range. This inequality holds since according to (11) the derivative of the Lyapunov function is negative outside the range imposed by (12) for the inverter current. Based on the fact that (12) is satisfied for all t ≥ 0, then
where I is the RMS value of the inverter current. For the given maximum allowed RMS current I max , if w min is chosen as
then there is
for an initial current I(0) < I max . In other words, the current will never exceed I max , which guarantees the current-limiting property of the proposed controller and the nonlinear stability of the closed-loop system. Since unity power factor is achieved at the steady state, for a given grid voltage V g , the proposed controller can regulate the inverter at any real power reference P e = P set with 0 < P set ≤ P max , where
This corresponds to some constant values w e ∈ [w min , w max ] and w qe ∈ [0, 1]. However, if P set > P max is chosen, then no virtual resistance w e exists in the given bounded range [w min , w max ] to lead the real power to P set , and therefore, the controller states w and w q will move anticlockwise on W 0 sinceφ < 0 (from P − P set < 0) and converge to the point (w e , w qe ) = (w min , 0), which is also an equilibrium point of the closed-loop system from the controller dynamics (3), (4) . In this case, the inverter will be regulated to P e = P max < P set in order to maintain the current-limiting property.
It should be noted that in the case where the grid voltage slightly varies (e.g., weak grid, grid impedance variations) and hence V g ∈ [0, V max ], then w min can be chosen as w min = V max I max to guarantee the current-limiting property at all times according to the ISS property (11).
C. Selection of Controller Parameters
Since w is bounded in a given set [w min , w max ] representing a virtual resistance and the minimum w min corresponds to a maximum current I max , similarly, the maximum w max can be chosen to be related to a minimum current I min as
Since the minimum current should be also very close to zero, when P set is set zero, then I min can be selected arbitrarily small (a few mA or μA). This is reasonable since even if the inverter is not connected to the grid or P set = 0, a small current keeps flowing through the parasitic elements of the converter and the filter. After having defined w min and w max from (13) and (14), respectively, the controller parameters w m and Δw m required for the implementation are obviously given as (16) because they correspond to the coordinate of the center point of ellipse W 0 and the horizontal radius, respectively. The controller gain k should be chosen as a large positive value since it increases the robustness of the w q dynamics with respect to external disturbances or computational errors, i.e., if the controller states are disturbed from their desired trajectory on the ellipse W 0 , they will quickly return to it.
Finally, the controller parameter c affects the dynamic performance of the controller since it is found inside the angular velocityφ in (8) . In order to define a framework for choosing c, a worst-case scenario to obtain its minimum value is considered here. Assume a maximum power difference |P set − P initial |, which is obviously equal to P max , and that the controller states start from the upper point of the ellipse (w 0 , w q 0 ) = (w m , 1) and converge to the final point (w e , w qe ) = (w min , 0) at the steady state. Let t s be the settling time required for the system to reach its steady-state values, then w and w q will travel on an arc with central angle and w q = 1 are constant, theṅ
and as a result
Note that the parameter c given by (17) is based on a worst-case scenario and therefore represents a way to choose the initial value. In practice, c can be further increased to improve the dynamic performance and achieve an acceptable time response. Therefore, the settling time t s can be chosen smaller than the original value until a satisfactory response is achieved.
D. Practical Implementation
Since the proposed controller is designed on the basis of the mathematical model of the inverter, in reality, there are some issues that need to be addressed. Based on the controller structure (2), the measured signals v g and i are directly used in the control input v, and therefore, they represent feed-forward terms which can introduce a small delay due to the measurement and communication circuits. To overcome this small delay, a phase-lead low-pass filter F (s) can be used for the measurements of v g and i, which is a common solution in this case [1] . Hence, the proposed controller is implemented as shown in Fig. 4 , where it is clear that no PLL is required. Since the proposed controller introduces a continuous-time structure (2)-(4) and in most of the applications the controller is required to be implemented using a DSP, a discretization method is needed (e.g., the Tustin's approximation). The use of the phase-lead low pass filter is also important to deal with small delays caused by the analog-todigital (and vice versa) conversion during the implementation of the controller.
IV. OPERATION UNDER GRID FAULTS
Assume that the grid voltage is given as v g = √ 2V g sin ωt, where ω is the grid frequency. When the inverter is connected to a stiff grid, there is V g = V n and ω = ω n , where V n and ω n represent the rated voltage and frequency, respectively. According to the analysis described in the previous section, closed-loop system stability is guaranteed for any bounded grid voltage V g and for any frequency ω (since the frequency doesn't affect the analysis). Additionally, since the selection of w min is given from (13) where V g = V n (considering a stiff grid), the currentlimiting property is guaranteed for any V g ≤ V n and for any ω. This includes the inverter operation under grid faults as it is better explained below:
A. Case 1: Short Circuit
Assuming that a short circuit occurs at the grid voltage, then v g = 0 and the closed-loop system (10) becomes
which means that the current i will exponentially converge to zero since w ∈ [w min , w max ] > 0 and 1 − w q ≥ 0. Assuming that initially the inverter injects some real power P = P set > 0 to the grid, when the fault occurs, it results in P → 0 since v g = 0.
Opposed to the traditional control methods that will try to regulate P to P set by increasing the current to high values that violate the maximum limit, the proposed controller forces the inverter current to exponentially converge to zero, satisfying the currentlimiting property and protecting the inverter. Additionally, since P − P set < 0, then the angular velocityφ becomes negative and the controller states w and w q converge to the values w min and 0, respectively. When the fault is cleared, the closed-loop system becomes again as the one in (10) which forces the current i to increase and converge again to the desired value. Furthermore, during the fault, w q → 0 which results from (3) thatẇ → 0 and the integration automatically slows down. As a result, the proposed controller can overcome wind-up and latch-up problems without additional switches or monitoring devices. These are fundamental issues in grid-tied inverters under grid faults [36] , which can be tackled by the proposed controller.
B. Case 2: Voltage Sag
Assume now that instead of a short circuit, a voltage sag occurs to the grid with a percentage p × 100%, i.e., the grid voltage v g becomesv g = (1 − p)v g , where v g represents the original voltage of the grid with rated RMS value. Hence, by substituting v g withv g in the original plant dynamics (1) and in the controller (2) (since the controller uses the measurement of the grid voltage), then the closed-loop system (10) becomes
which according to the same stability analysis as in (11) yields
Therefore, the RMS voltage of the inverter current I still remains less than I max . In fact, if P set ≤ (1 − p) V g I max , then the real power P will converge to P set after a small transient, while if P set > (1 − p) V g I max , then P will converge to the value P e = (1 − p) V g I max < P set , since in this case the current I will reach its upper limit, which is (1 − p)I max according to (20) . Once again, when the fault is cleared, the system will return to its original values after a small transient.
V. EFFECT OF THE OUTPUT FILTER TO THE CLOSED-LOOP SYSTEM
A. L Filter
For the implementation of the proposed controller, it is assumed that the filter inductor L does not apply a significant phase shifting in order for v, v g , and i to be almost in phase at the steady state in (9) and result in the desired unity power factor. Hence, a framework for designing the output filter of the inverter is required. Since it is proven in Section III that w ∈ [w min , w max ] and w q ∈ [0, 1], then from the closed-loop system equation (10) 
After some calculations, it yields that
If the grid voltage v g and the inductor current i are almost in phase, i.e., they have a very small phase difference, then from (2), it yields that v and i are almost in phase and the power factor is almost equal to 1. In practice, a power factor of 0.99 is acceptable. This corresponds to a phase shift of 8
• at the fundamental frequency (ω = 100π) for G(jω).
As a result, from (23) , there is
Since this inequality should be guaranteed for every w ∈ [w min , w max ] and w q ∈ [0, 1], the lowest value corresponds to the case where w q = 1, which yields L < 0.00045r and is very restrictive. However, when w q = 1, then from (22), there is |G(jω)| = 0 and the phase shifting does not play any role since the magnitude is zero. In fact, when w q = 1, then from (2), it holds that v = v g and the current that flows is zero. In order to define a framework for choosing L, one can consider a current range I ∈ Ĩ min , I max that is of interest for achieving power factor very close to 1, where
= I max , since w m corresponds to zero current and w starts from w m and travels on the ellipse W 0 toward w min . Then, the filter inductance can be designed to satisfy L < 0.0014
for all w ∈ w min ,
Taking as an example the parameters of Table I and assumingĨ min = 0.25 A, inequality (25) is satisfied. Additionally, for a given L filter (with parameters shown in Table I ), the Bode plot of the set of transfer functions (21) can be obtained when w ∈ w min ,
, as illustrated in Fig. 5 , to verify that during the whole operation of the proposed controller, the phase shifting between v g and i at the fundamental frequency will be less than 8
• .
B. LCL Filter
In many grid-tied inverter applications, the L filter is often replaced by an LCL filter to achieve better harmonic attenuation. In these cases, the capacitor C is chosen small enough to avoid injecting reactive power to the system. Therefore, for a typical LCL filter with small capacitance C and a grid-side inductance L g , the proposed controller can be applied to achieve the same current-limiting property and stability analysis. This is due to the fact that for low frequencies, the impedance of the shunt capacitor is large and the closed-loop system analysis coincides with the one presented in the previous section for a filter with inductance L + L g . Hence, for the filter design, (25) can be used by replacing L and r with L + L g and r + r g , respectively. However, for any value of the capacitor C, one can calculate the transfer function G(s) = i(s) v g (s) and obtain the Bode plots in the same range to verify whether the phase difference is small for a given selection of the filter parameters.
VI. EXPERIMENTAL VALIDATION
In order to verify the proposed nonlinear PLL-less currentlimiting controller, the experimental setup of Fig. 6 was used. The single-phase inverter, fed by the Agilent N8944A power supply, was connected to the Chroma 61860 regenerative grid simulator for performing the grid-fault scenarios or to the public grid. A WT 1600 power analyzer from Yokogawa was used to measure the real and reactive power injected to the grid. The proposed controller was implemented using sinusoidal PWM with a switching frequency of 15 kHz and the TMS320F28335 DSP with a sampling frequency of 4 kHz. The parameters of both the inverter and the controller are shown in Table I , where an LCL filter was used at the inverter output and the dc input voltage from the power supply was 200 V. In order to overcome the delay caused by the feed-forward terms, the following phase-lead low-pass filter is applied at the measurements of v g and i [1] :
33(0.05s + 1) (s + 300)(0. 002s + 1) .
A. Validation Using the Grid Simulator
1) Operation Under Normal Grid:
Considering a normal grid operation, different real power reference changes to the value P set are applied, as shown in the left column of Fig. 7(a) . Initially, the circuit breaker is open and the PWM operation is initiated at the time instant t 1 . A small amount of negative reactive power is observed due to the capacitor of the LC filter. At t 2 , the circuit breaker closes and the real power is set to P set = 50 W. At the time instant t 3 , P set is changed to 100 W, and finally, at the time instant t 4 , P set is set to 250 W. It is observed that until the time instant t 4 , the inverter regulates the real power at any reference level. However, when P set = 250 W, the real power is regulated at around 188 W, because the inverter current tries to violate the maximum limit of I max = 2 A. This verifies the current-limiting property of the proposed controller, which maintains the inverter operation inside the required range of the current. The left column of Fig. 7(a) shows the response of the capacitor voltage V c , which remains almost constant during the whole operation, and the inverter current I which increases according to the desired real power until the maximum limit is achieved. In order to check this current-limiting property more clearly, the steady-state responses of the capacitor voltage v c and the inverter current i are given in the left column of Fig. 7(b) , where the maximum RMS value of the current is 1.72 A since the controller parameter w min has been selected according to (13) , where the parasitic resistance r has been neglected. In practice, this small resistance will result in limiting the current to a slightly smaller value, but even in this case, I < I max holds true as required. 1 The almost unity power factor operation (over 0.99 measured during the whole grid-connected operation which is acceptable in practice) is observed in the left column of Fig. 7(a) , where the reactive power Q is kept to very small values during the whole controller operation and is also depicted in the left column of Fig. 7(b) , where the capacitor voltage and the inverter current are almost in phase. In order to verify the current limitation and the unity power factor during transients, the transient performance of v c and i around the time instant t 4 is shown in the left column of Fig. 7(c) .
2) Operation Under Grid Faults: To further evaluate the proposed controller, two different grid-fault scenarios are investigated, while the system is operating at P set = 150 W. a) Case 1: Short circuit: Initially, a short-circuit scenario is investigated where the grid voltage suddenly drops to a very small value (less than 5 V) and is cleared after a small period of time. As shown in the middle column of Fig. 7(a) , during the fault, both the real and reactive powers quickly converge to zero and return to their initial values after a small transient, when the fault is cleared.
The transient responses when the fault occurs and when the fault is cleared shown in the middle column of Fig. 7 (b) and 7(c), respectively, illustrate that when the short-circuit occurs at the grid voltage, the current quickly converges to zero as it has been theoretically proven in the paper. Particularly, there is a fast reducing oscillation of the current and not a direct exponential convergence due to the small transient of the grid voltage and also due to the LCL filter used. In the same framework, when the fault is cleared [see the middle column of Fig. 7(c) ], the current quickly returns to its original value after a small transient showing that the proposed controller does not suffer from latchup or wind-up issues. b) Case 2: 50% voltage sag: The responses of the real and reactive powers during the 50% voltage sag of the grid voltage are shown in the right column Fig. 7(a) . During the fault, the real power is regulated to a lower value corresponding to the limit of the inverter current since according to the analysis of Section IV-B, the current I should be limited below I max × 50% = 1 A. In fact, the proposed controller leads the current to converge to slightly lower than 1 A (0.8 A was measured at the steady state) verifying the theoretical analysis, opposing to the traditional techniques that will increase the current to high values in order to maintain the desired real power. The transient response of the voltage and current waveforms during the grid fault are shown in the right column of Fig. 7(b) and 7(c) .
B. Validation Using the Public Grid
In order to further validate the performance when the grid is more distorted and when the system parameters change (filter inductor or dc input voltage), the inverter connected to the public grid is tested where a variable transformer is used to set the voltage to V g = 110 V and the current limit is set to I max = 3 A. Note that in this case, the grid voltage is more distorted compared to the case of the grid simulator, since the grid simulator can maintain the desired sinusoidal voltage without introducing a grid impedance. The inverter is connected to the grid at the time instant t = 2 s and the real power reference is set to P set = 100 W. As shown in Fig. 8(a) , the real power is regulated at the desired value and the reactive power is regulated very close to zero since it is required to achieve unity power factor. The transient responses of the current and voltage of both the inverter and the grid are shown in Fig. 8(b) , where a smooth connection is observed and unity power factor is achieved after a few cycles, since the capacitor voltage v c and the inverter current i are in phase. At t = 8 s, the desired power is changed to P set = 200 W and the system regulates the real power at the reference after a short transient, while at t = 14 s, the reference power is set to P set = 350 W and the output power is regulated near to 300 W because the inverter current increases and tries to reach the maximum value I max = 3 A. Hence, the currentlimiting capability of the controller is verified and is clearly shown in Fig. 8(a) , where the RMS value of the inverter current is limited slightly below I max , as explained in the previous subsection. The responses of the current and voltage of both the inverter and the grid near the time instant t = 14 s are shown in Fig. 8(c) , which verify the current-limiting capability of the controller during the steady-state and during transients as well as the desired unity power factor. The total harmonic distortion of the grid current has been measured at 11%, which is relatively high but can be further improved if a different LCL filter is used or a different PWM method is applied [1] .
To investigate the effectiveness of the proposed strategy under changes of the system parameters, a sudden change is applied at the dc input voltage from 200 to 220 V, while the system operates at P set = 200 W. As shown in Fig. 9 , both currentsslightly increase and return to their original values after a short transient. Note that in this case, the change of the dc voltage is not incorporated in the controller to define the duty ratio of the inverter. In practice, the dc input voltage can be measured to define the duty ratio for the PWM generator.
To further evaluate the performance of the controller under different system parameters, a different inductance L is experimentally tested where L = 4.4 mH. The same scenario as in Fig. 8 is assumed for the reference P set . The results are shown in Fig. 10 , where it is observed that the proposed controller can achieve the desired regulation and unity power factor with a current-limiting capability independently from the filter inductor. In fact, the current is limited to a lower value due to the larger parasitic resistance of the inductor (r = 1 Ω). The transient response at the current-limiting scenario is shown in Fig. 10(b) , where the unity power factor is maintained but the quality of the grid current has worsen. This is an indication of the importance of the filter design in the power quality and represents a useful result for further controller improvement.
VII. CONCLUSION
A current-limiting nonlinear controller for single-phase gridtied inverters has been presented in this paper, which guarantees closed-loop system stability independently from the grid voltage variations. The proposed controller acts independently from the system parameters and does not require a PLL, thus leading to a simple and reliable implementation. Without the need of any external protection circuit (switches, saturation units, monitoring, etc.), the controller limits the inverter current below a given maximum value at all times. The proposed controller performance was analytically tested using a suitable experimental setup under both normal and faulty grid conditions.
